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We examine the process B — > X s j in minimal supersymmetry (SUSY) with general squark flavor 
mixings. We include all relevant next-to-leading order (NLO) QCD corrections and dominant NLO 
SUSY effects from the gluino. We find that gluino-squark corrections to down-type quark masses 
induce large NLO corrections to the dominant Wilson coefficients whose size is often similar to 
those at LO, especially at large tan/3. For \i > 0, destructive interference, and suppression by the 
renormalization group running lead to a "focusing effect" of reducing the size of gluino corrections 
to the branching ratio, and also of reducing the LO sensitivity to flavor mixings among squarks. 
Constraints from B(B — > X s j) on the SUSY-breaking scale can become significantly weakened 
relative to the minimal flavor violation case, even, at large tan /3, for small flavor mixings. The case 
of n < can also becomes allowed. 



Introduction. — The radiative decay B — > X s j pro- 
vides a powerful tool for testing various extensions of the 
standard model (SM), such as supersymmetry. This is 
because in b — > "new physics" effects can appear at a 
one-loop level, which is the same as the lowest-order SM 
flavor changing neutral current (FCNC), and can there- 
fore be of comparable size Q. However, as both experi- 
mental results |2] and a SM prediction at the full next- 
to-leading-order (NLO) QCD level 0, 3 have reached 
an error of ~ 10%, 

B(B -> X s7 ) exp = (3.34 ± 0.38) x lO" 4 , (1) 
B(B X s7 ) SM = (3.70 ± 0.30) x 10" 4 , (2) 

it has become clear that little room is now left for new 
physics contributions. This has in turn been used to 
impose severe constraints on flavor-violating (FV) in- 
teractions beyond the SM. These are usually related to 
some scale A at which new physics appears. In the case 
of low-energy supersymmetry (SUSY), A is set by the 
SUSY-breaking scale Msusy, which is expected to re- 
main within 0(1 TeV) on the grounds of naturalness. 

The SM contribution to b — > 57 involves a one-loop 
exchange of the top quark and the W~ . In 2-Higgs dou- 
blet models (2HDM), there is, in addition, a constructive 
contribution from the charged Higgs H~ . A complete 
NLO analysis in the SM has been performed in several 
stages and recently completed in Q and, likewise, in the 
2HDM 0,0,0 

In SUSY, additional one-loop diagrams come from 
an exchange of the charged Higgs-top H~-t and 
the chargino-stop x~-t. The latter contributes con- 
structively (destructively), depending on whether the 
Higgs/higgsino mass parameter /i > or < 0, re- 
spectively. Detailed studies of SUSY contributions to 
B(B — > X s j) have been performed beyond the LO H 
EJ [HI EI- I n particular, dominant NLO contributions 
have been calculated [HI E| and shown to be impor- 
tant. They are enhanced by factors involving large 



tan/3 = (H$)/(H%) [the ratio of the neutral Higgs VEVs] 
and log(M SU SY/m^). 

The good agreement between the ranges JI} and (0 
has also been used to derive stringent constraints on 
the mass spectra of the superpartners in specific popular 
models, like the minimal supersymmetric SM (MSSM), 
or the constrained MSSM (CMSSM). For example, in the 
CMSSM, the case of \i < has been shown to be ruled 
out, except for the very large common gaugino m 1 / 2 and 
scalar mo masses (~ few TeV), where SUSY contribu- 
tions become tiny. For \i > 0, stringent lower bounds of 
a few hundred GeV have also been derived on miy 2 and 
mo, especially at large tan/3 [l^ . 

Such bounds, even if model dependent, have clear 
implications for searches for SUSY in accelerators, for 
the neutralino as a dark matter weakly interacting mas- 
sive particle (WIMP), and in other nonaccelerator pro- 
cesses. For example, in dark matter searches the con- 
straint from b — » 57 often forbids larger values of the 
spin-independent scattering cross section of WIMPs on 
proton o-p 1 that would otherwise be accessible to today's 
experimental sensitivity |l3q . 

The above conclusions have often been reached by as- 
suming, sometimes implicitly, that the mixings among 
the mass eigenstates of squarks closely resemble the 
Cabibbo-Kobayashi-Maskawa (CKM) structure of the 
quark sector. This scenario, often called minimal flavor 
violation (MFV), is perhaps the simplest way of address- 
ing the nagging flavor problem of SUSY. FV interactions 
are in general not forbidden by gauge symmetry and, 
without assuming any organizing principle, can lead to 
exceeding experimental bounds by many orders of mag- 
nitude |l4|. The mixings of the first two generations of 
squarks are strongly constrained by the K° — K° sys- 
tem but bounds on mixings with the third generation are 
much weaker. In the case of b — > 57, rather stringent con- 
straints have been derived, in the LO approximation, on 
the magnitude of possible FV terms beyond MFV in spe- 
cific scenarios for flavor structure, but shown to be highly 
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model dependent 0,0. The question thus arises about 
the robustness of constraints on SUSY derived in MFV 
or other specific scenarios. 

In this Letter, we examine the process b — > in the 
MSSM with general flavor mixing (GFM) in the down- 
type squark sector. In addition to the full NLO QCD 
corrections from the SM+2HDM 0, H, H 0, we intro- 
duce NLO QCD resummation above mw and threshold 
corrections from the heavy gluino field g in the presence 
of all mixings in the down-squark sector. In contrast to 
MFV [lQ, 111! , most analyses of the GFM have been done 
with only LO matching conditions (MCs) for SUSY con- 
tributions 0, in which case NLO effects become an is- 
sue. In order to be able to compare with the SM+SUSY 
contributions to B(B — > X s ^y) in MFV and in LO, we 
calculate all tan /3-enhanced NLO contributions in the 
framework of GFM and show that they lead to dramatic 
implications. 

Procedure. — The contributions to b — > 57 from all 
states that are much heavier than are described by 
the effective Lagrangian 

C = ^V*V tb [CiMPi + CMP!] . (3) 
^ 2 i=i 

The Wilson coefficients Ci(fi) and C^(/i), which are as- 
sociated with operators Pi and their chirality-conjugate 
partners P?, play the role of effective coupling constants. 
In the SM, it is natural to choose the scale at which the 
heavy (SM) states decouple at jiw — fnw- Their val- 
ues at jiw are found by imposing matching conditions 
between an effective and an underlying theory. One eval- 
uates the C^s at /i& ~ from the running of the renor- 
malization group equations (RGEs) from \iw down to 
In order to remove the dependence on the scale at 
Hw NLO MCs need to be imposed ^1- They have been 
computed in full in 0, E3, EH , and we have followed Q to 
apply them here with MCs at /i& flf^ . 

New physics effects usually appear in the Wilson co- 
efficients CV 5 8 and C 7 8 of the magnetic and chromo- 
magnetic operators Pj^ and Pyg, respectively. In the 
MFV case, as well as in the SM/2HDM, one usually ne- 
glects C 7 8 as suppressed by the ratio m s /mb. This can 
no longer be done in the case of GFM, where the g con- 
tributions to C 7 8 are of a similar strength . 

In SUSY, the new mass scale Msusy is set by vrtg 
and the squark mass m^, which tend to be heavier than 
the other states. (We assume no large mass splittings 
among the squarks.) It is reasonable to expect a hierar- 
chy /isusY ^> l^w just like one has jaw ^> Mb- In order 
for QCD corrections beyond the LO to match the under- 
lying SUSY theory and the effective theory at jiw, we 
extend the treatment of 0, [H[ to the case of GFM. The 
usual procedure, which we follow here, is to assume that 
rrig ~ rriq ~ //susy? while all the other SUSY states play 
a role at jiw [ill- We thus do not resum the logarithms 



of rnn/^w and m^/zisusY- The resummation of QCD 
correction between ^susy and fiw is performed with the 
NLO anomalous dimensions with six quark flavors |2oj |. 
We compute two-loop gluon corrections to the H~ con- 
tributions to 64,7,8 at jiw, and those from the x~ •> X° 
and g fields to Cj\ at /isusY as in p. We have veri- 
fied that their contributions to c[ f }_ 6 and their mixing to 

Cj \ are numerically negligible when using available five- 
flavor anomalous dimensions [2l[. We also neglect oper- 
ators outside of the SM basis. At LO they are numer- 
ically subdominant and we could not identify any 
enhancement mechanism beyond the LO. At the NLO- 
level, SUSY QCD contributions come from 0(a s ) correc- 
tions involving the gluino. For the states at jiw (W, <j)~ 
and H~), these are absorbed into the effective vertices by 
integrating out the g field 8] . We have calculated these 
vertices with GFM in the down-squark sector |22 |. 

For the fields at /isusY, this effective approach cannot 
be applied. Instead of calculating a full set of two-loop 
diagrams (a rather formidable task), we include finite 
threshold corrections to Yukawa matrices, which become 
important at large tan (3 |l£J, [ljj, [2^ . As described in 
detail in [53| . we first integrate out the gluino and the 
squarks to calculate effective quark mass matrices in the 
super-CKM (SCKM) basis. By identifying these with 
physical ones, we extract the Yukawa couplings that ap- 
pear in the higgsino-quark-squark vertices and in the 
F-term contributions to squark mass matrices, and fur- 
ther perturbatively include "tan/3 resummation" [ToL fTl| . 
generalized to GFM [2^ for self-consistency. 

General flavor mixings. — In the absence of an un- 
derlying theory of flavor in the squark sector, all the 
entries of the 6x6 mass matrix square of down-type 
squarks are in general nonzero (and likewise for the up- 
type squarks). It is natural to break it into four 3x3 
submatrices of the LL, LR, RL and RR sectors. For 
the 2nd to 3rd generation mixing of relevance to b — » 57, 
the departure from the MFV case can be parameterized 

by introducing 5 d L = (m| LL ) 23 /^(m| LL )22(m| LL ) 3 3 
and S d LR = (m2 ^) 23 /^(m| LL ) 3 3(m|^) 22 , and anal- 
ogously for S d RL and 5 d RR , where m 2 dLL(RRLR) are, re- 
spectively, the 3x3 soft mass matrices ttIq^ and the 
soft trilinear term matrix A d rotated into the SCKM ba- 
sis H3- 

In the case of GFM, these mixings induce new 1-loop 
contributions to b — > 57, with one internal line involv- 
ing g (or y°) and the other from b turning into s due to 
the 2nd to 3rd generation mixing. We insert the 5 d s at 
Msusy and all the corrections described above are gener- 
alized to the case of GFM. The 6x6 mass matrices are 
diagonalized numerically, instead of using the less accu- 
rate mass-insertion approximation. 

Focusing effect. — We find that, relative to the LO MC 
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at fiw, NLO corrections generally reduce SUSY contri- 
butions (mostly from the gluino) to B(B — > X s j). As 
a result, constraints on rrig and related SUSY parame- 
ters (like the and X° s °ft mass parameters), and on 
the FV couplings become considerably relaxed. This fo- 
cusing effect becomes particularly strong at large tan /3. 
This is illustrated in Fig. We present ranges of the 
B(B — > X s ^y) as a function of the common squark mass, 

0) and for 
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r D )u in the case of MFV (5 d L1 



°q — y \"°q,u,dj™ 111 UiiC O<xoc W1 1VJ - L v v u Li? 
5^ = ±0.02. We scan over the ranges of 1 < m|/m| < 2 
and apply collider bounds on superpartner masses. The 
brown (darker) bands are obtained by using our expres- 
sions for dominant NLO-level contributions, while the 
green (light) bands correspond to applying the approxi- 
mation of the LO matching at jaw One can clearly see 
a strong suppression of the SUSY contribution at the 
NLO-level. While some focusing is already present in 
the MFV case, the effect becomes strongly enhanced in 
the case of GFM. 

Focusing comes from two sources. First, RGE evolu- 
tion between /isusy and jaw generally reduces SUSY con- 
tributions. For example, for Msusy ~ 1 TeV, one finds 
« s (msusy)/« s (m^) - 0.8, C 7 (ll w ) - 0.8C 7 (/isusY) + 
0.06C 8 (/i S usY) and C s (nw) - 0.8C 8 (/i S usY). (The NLO 
QCD matching condition at /isusY causes some addi- 
tional reduction.) Second, at ii > we find a remarkable 
tendency of "alignment" between the effective 6-quark 
mass and the corresponding penguin operator at large 
tan (3. This reduces the gluino contribution to Cj^ and, 
as a result, the SUSY contribution to B(B — ► X s j) in 
the case of GFM. The essential point is that flavor mix- 
ing in the soft SUSY-breaking terms induces flavor off- 
diagonal elements in the effective quark mass matrices 
through gluino-squark loops. In order to rediagonalize 
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FIG. 1: (color online). We plot B(B — > X s j) vs. rriq for 
5i R = ±0.02 and (MFV). For each case we show the bands 
obtained by varying m~/m~ in the approximation of using 
only LO MCs (green/light grey) and of including NLO cor- 
rections (brown/dark grey). The SM value and 2a C.L. ex- 
perimental limits are also marked. 



them, one also rotates the Yukawa couplings that appear 
in the higgsino vertices and squark mass matrices, thus 
inducing 0(a s ) corrections to them in SCKM basis. The 
resultant C*?$ is also "rotated" . The effect is enhanced by 
large tan/3. For example, 8^ R (or S d L ) induces a correc- 
tion proportional to Sml s / cos/3 in the higgsino vertex. 
This generates a diagram with^an exchange of cl and 
X~, and another one with the bn—SL (with mass inser- 
tion Sm^n tan/3 ) and the gluino in the loop, as shown 
in Fig. Both are proportional to tan (3 and the rota- 
tion occurs in the direction that reduces the LO effect at 
fj, > 0. 

If we take S RR (or S RL ) instead, analogous diagrams 
are induced for the &£, to sr transition, which reduces 
the gluino contribution at \i > in a similar manner. 
The first diagram can be even larger than the LO gluino 
effect if the "diagonal part" of the chargino penguin is 
arbitrarily large. For more details see |22 |. At ii < 0, the 
rotation described above occurs in the direction which 
increases the LO effect. This competes with the reduc- 
tion caused by the RGE evolution. As /isusY increases, 
the RGE effect increases, while the quark mass correc- 
tion decreases. At /isusY ~ 1 TeV, the two effects have 
similar size for both signs of \i. 

Relaxation of constraints on SUSY and FV terms. — 
The constraints obtained in the MFV scenario 0, ^1 
are no longer valid with GFM, and their robustness 
is of particular phenomenological interest. We illus- 
trate this by including the above large NLO-level cor- 
rections. In the three panels of Fig. 01 we show the con- 
tours of B(B — > X s j) in the plane of rriq and 8j jR (left 
panel) and 3 d L (middle and right panels) for tan/3 = 45, 
m~/m~ = 2, A u = —rriq, and ii > (left and right pan- 
els) and ii < (middle panel). The light green (light 
grey) and dark yellow (dark grey) bands agree with the 
experimental range at the la (2a) C.L. Larger depar- 
tures are denoted as "excluded". In the case of S d Rl in 
MFV one finds rriq > 800 GeV at the 2a C.L. for i± > 0. 

In contrast, even relatively small nonzero values of 
\$lr\ — — 0-04 remove the constraint from b —> 87 alto- 
gether. The effect is even more striking for S d L and 11 < 
where relatively light squark becomes again allowed. We 
have checked numerically that, at \i > 0, constraints on 
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FIG. 2: Examples of tan /3-enhancement in GFM. 
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FIG. 3: (color online). We plot contours of B(B — > X s j) in the plane of rriq and 6l R (left panel) and 5l L ( middle and right 
panels). In the left and right panels \i > and in the middle one \i < 0. Regions (in grey) beyond the la (green/light grey) 
and 2a C.L. (dark yellow/grey) in agreement with experiment [Eq. JQ] are marked "excluded". 



FV terms at NLO become also considerably relaxed. For 
example, in Fig. 03 at rriq = 1000 GeV and ii > 0, we find 
$lr( NL0 )/ S lr( L0 ) - 7 - Similar GFM deconstraining 
can also be obtained by introducing nonzero ££ L s instead, 
for both ix > and /i < but with a milder NLO effect. 
It is interesting to note the existence of two branches of 
allowed solutions in Fig. 03 By simultaneously allowing 
for more than one S d to become nonzero, one can relax 
the constraint from b — > 57 even further, even at LO [l5| . 
In addition, in general FV contributions can also come 
from the up-squark sector [24j |. We have checked that 
this effect is numerically less important. 

Finally, we must reemphasize that in our analysis 
we assume Msusy/mw larger than a few and compute 
only the leading NLO effects, which are enhanced by 
Msusv/mw, large tan/3, or flavor mixing. We also re- 
main in the SM basis of operators, instead of considering 
the full operator basis of the MSSM. Despite this, we do 
believe that the results presented here should remain as 
the dominant effect in a more complete study. 

Conclusions and outlook. — Contributions from new 
physics to rare processes like b — > 57, do not necessar- 
ily have to be suppressed by the largeness of the related 
effective mass scale beyond the SM. Instead, this can 
be caused by new effects beyond the LO. In the case of 
SUSY with GFM, at the NLO level we have pointed out 
the existence of one such suppressing effect, which we 
call focusing. Despite this, b — > 87 still maintains strong 
sensitivity to even small deviations from MFV (although 
less so than at LO) of especially the flavor mixing terms 
5j jL and S^ R . This puts into question the robustness of 
the commonly assumed constraints on Msusy in MFV. 
It appears that the alignment mechanism is generic to 
processes involving chirality flip. We are now exploring 
its role in other FCNC processes. 

We thank P. Gambino, T. Hurth, A. Masiero, 
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